quent tubular reabsorption. Similarly, phosphate reabsorption by the human kidney seems ratelimited (8) . Attempts to demonstrate a similar tubular transfer maximum in the cat (9) and vitamin D-treated aparathyroid rat (10) have been less successful, since tubular reabsorption of phosphate in these instances appears to increase in direct proportion to the filtered load. Ginn, however, has found saturation kinetics for renal tubular phosphate reabsorption in normal and magnesium-deficient rats (11) .
Stop-flow studies in the dog by Pitts, Gurd, Kessler, and Hierholzer (12) and by Malvin, WVilde, and Sullivan (13) have furnished evidence which demonstrates that the main site of phosphate reabsorption is the proximal tubule, a notion also supported by other indirect observations. These include inhibition of phosphate reabsorption by glucose (7) , sodium hippurate (14) , and bicarbonate (15) , substances believed to be transferred at the same site within the nephron. Also pertinent is the observation that subsequent to the administration of an inorganic phosphate tracer, radioactivity is maximal within the proximal convoluted tubule, the presumed site of a metabolically driven reabsorptive process (16) .
Several investigators have proposed that inorganic phosphate may also be secreted into the mammalian tubule (17) (18) (19) (20) . Thus, Nicholson and Shepherd have interpreted their data in favor of distal tubular secretion of this ion species in the dog, since they were able to suppress urinary phosphate excretion subsequent to selective toxic damage of the distal tubule (17). Furthermore, Carrasquer and Brodsky (18) , measuring urinary phosphate and creatinine in phosphate-loaded dogs after intra-arterial injections, observed changes which they interpreted as greater excretion of phosphate than creatinine. This enhancement of phosphate excretion appeared to be pH-dependent (21) . However, Handler (22) 
Methods
Experiments were performed on white, male albino rats anesthetized by intraperitoneal injection of sodium pentobarbital, 30 to 40 mg per kg. Normal and phosphate-loaded animals, weighing 300 to 450 g, were studied. The technique of preparing the animals for micropuncture, tubular fluid sampling, and localization of the puncture site have previously been described in a paper from this laboratory (23) . Purina lab chow (calcium 1.42%, phosphate, 0.96%) was available to both groups of animals until 15 to 18 hours before an experiment. Free access to water was permitted. All animals received an intravenous priming dose of 50 ,uc of C" carboxyl inulin' dissolved in 0.6 ml of 0.85% saline. During the subsequent 3 to 5 hours about 50 /Ac of C" inulin was infused per hour. For the control animals, this was dissolved in 0.85% saline and delivered at a rate of 3.0 ml per hour. Ureteral urine from the experimental kidney was collected into either acid-rinsed Wintrobe hematocrit tubes, or small graduated cylinders. Tail blood, taken before and after collection of tubular fluid, was drawn into heparinized glass tubing. Tubular fluids, obtained by micropuncture, were transferred to 1 New England Nuclear Corp., Boston, Mass. 0.5-mm acid-rinsed glass tubing, juxtaposed by mineral oil. The ends of the tubing were sealed with plasticin.
The phosphate-loaded rats were injected intraperitoneally with 3 mmoles per kg of sodium phosphate (pH 7.0 to 7.2) daily for 3 to 4 days before an experiment. During this time their drinking water contained 1.5% ammonium chloride. During experiments these animals were infused with 150 mmoles NaH2PO4 at a rate of 0.0146 mmole per minute. This regimen was adopted to achieve high rates of urinary phosphate excretion (18, 21 Phosphate analyses were performed in 0.5-mm constant bore Pyrex glass tubing, with the same watermanipulator system as previously described for the preparation of plasma filtrates. Initially, 20 U (approximately 0.2 Al) of unknown or standard was introduced into the tubing and withdrawn for a distance of 1 cm. After interposition of an air space, a column of reagent C, measuring 60 U, was added. In those instances in which the tubular fluid sample was smaller than 20 U (0.2 1tl), the remainder of the initial 20-U volume was made up with 8%o TCA. After drawing unknown and reagent further into the tubing, the ends were flame-sealed and the contents mixed by centrifugation. Color was developed in a water bath at 370 C for 90 minutes. The intensity of the color so formed remained stable for at least 6 hours. Optical density of the unknowns and standards, contained in their original glass tubing, was measured in a Zeiss spectrophotometer (820 mis; slit width, 0.3 mm).
A microcuvette holder specially constructed to fit into the cell holders (S-cells) of a Zeiss spectrophotometer (PMQ 11) was used. This holder consists of two identical brass pieces, measuring 8 X 6 X 37 mm each and held together by machine screws. A semicircular groove machined longitudinally down the opposing surfaces of each piece forms, when juxtaposed, a hollow central core that snugly accommodates 0.5-mm o.d. tubing. The hub of a number 20-gauge hypodermic needle, positioned into the upper end of, the core, facilitates introduction and withdrawal of the glass tubing into the holder. A through mid-line slit, in the lower third of the assembled holder, permits light transmission. The longitudinal dimension of this slit may be altered by inserting a matching piece of a number 20-gauge needle into the bottom end of the hollow core. To correct for variations in light transmission due to different positions of the glass tube within the cuvette each glass tubing was randomly rotated within the sample holder, and the results of ten readings were averaged. The error due to such variation is included in the previously mentioned standard deviation.
To approximate inorganic phosphate concentration in the glomerular filtrate, the filterability of phosphate in rat plasma has been measured by the ultrafiltration method described by Toribara, Terepka, and Dewey (26) . Normal and phosphate-loaded rats were anesthetized with sodium pentobarbital, and blood samples were obtained by aortic puncture. In six of these latter experiments, the blood was withdrawn anaerobically into heparinized, oiled syringes for pH measurements, made within 5 minutes of a sampling at 37°C with a Radiometer pH meter. The method of Chen, Toribara, and Warner (25) was employed without modification for inorganic phosphate determinations of plasma TCA filtrates and the ultrafiltrates. For pH measurements the ultrafiltrate was collected anaerobically by puncturing the plastic (Tygon) tubing that connects the side-arms of the Toribara ultrafiltration chamber. Plasma protein concentrations were determined by the biuret method (27) and read in a Zeiss spectrophotometer at 520 m1A. These protein concentrations were used to calculate phosphate concentrations in plasma water.
C" carboxyl inulin was estimated in a Tri-Carb liquid scintillation spectrometer 4 as previously described (23) .
The concentration of inulin was corrected to that of plasma water by assuming a protein content of 7 g per 100 ml. Figure  1 shows these phosphate ratios plotted as a function of tubular length. The U/P phosphate ratio varied considerably and averaged 89. From the distal convolution, 26 samples were obtained from sites between 20 and 90%o of tubular length (Table IV) . Inulin ratios, estimated in 11 of these samples, ranged from 3.74 in the early distal to 16 .0 in the late distal tubule. These proximal and distal TF/P inulin ratios are in general agreement with values obtained under similar experimental conditions from this and other laboratories (29, 30) . Column 5 of Table IV shows that the distal tubular TF/P phosphate ratios are all above unity, ranging from 1.20 to a maximum of 5.60. As illustrated in Figure 1 , phosphate concentration tends to rise progressively in this portion of the nephron. A straight line through these points, plotted by the method of least squares, shows a mean TF/P ratio of 1.5 U/P ratio of 49 (control, 390). In contrast to Nine samples were collected from sites between the results obtained in the control group, all proxi-22 and 80% of the distal convolution (Table VI) .
mal phosphate TF/P ratios are above one, rang-Inulin TF/P ratios for eight of these samples ing from 1.13 to 2.24. These ratios are plotted ranged from 4.69 in the early distal to a maximal as a function of tubular length in Figure 2 . With value of 13.2. The distal TF/P phosphate ratios but one exception (no. 33) comparison of these are all above unity with a low of 2.43 in the early phosphate ratios with the inulin ratios again distal and rising thereafter to a maximal value of shows that the rise in phosphate concentration 5.54. These ratios, shown in Figure 2 , tend to indoes not exceed that which can be anticipated by crease progressively along this segment of the water abstraction. The mean U/P phosphate nephron. The straight line through these points, ratio for the loaded animals was 37. plotted by the method of the least squares, shows a In one animal (no. 27) the final urine phos-mean ratio of 3.1 in the early distal (20%) and phate U/P ratio exceeded that of inulin in two of less than a twofold rise to 4.9 in the late distal three samples. This result suggests net phosphate tubule (90%o). Comparison of respective TF/P secretion. Since this was the only animal in which phosphate with inulin ratios again indicates that this observation was made, however, and there was the rise in phosphate concentration along the disno obvious difference in the experimental ap-tal tubule may be accounted for by water reabproach, the result remains unexplained.
sorption. The greater mean rise of inulin TF/P (31) emphasized that the ultrafiltration method of Toribara and associates (26) seems to yield a valid sample of fluid in equilibrium with plasma. He reported that the ratio of inorganic phosphate concentration in ultrafiltrate to that in plasma water of normal humans averages 0.825 and calculated that 76%o of the plasma inorganic phosphate is freely filterable. Approximately the same fraction of phosphate in plasma from uremic patients, with and without elevated plasma phosphate levels, was found to be filterable (31) .
Our studies of plasma from normal rats show that the ratio of phosphate concentration in the ultrafiltrate to that in plasma water averages 0.90 (Table I) . If all plasma inorganic phosphate were ultrafilterable and if we assume a Donnan factor of 0.915 for the phosphate ions (32) , then this ratio should be 1: 0.915 or 1.09. The filterable inorganic phosphate in normal rat plasma therefore comprises 0.90: 1.09, or 82.5% of the total. A similar calculation for rat plasma with elevated phosphate levels indicates that 84.5%o (0.92: 1.09) is ultrafilterable. These studies on plasma obtained from both normal and phosphateloaded rats indicate that slightly more than threefourths of the inorganic phosphate is filterable through cellophane.
Benjamin and Hess (33) reported a mean ratio of phosphate concentration in ultrafiltrate to that of plasma from immature rats averages 0.93. These investigators, however, corrected the observed phosphate concentration of the ultrafiltrate for volume reduction due to nonfilterability of plasma proteins. If this correction factor is eliminated, their mean ratio becomes 0.965. The corresponding ratios obtained in this study were 0.96 for the control rats and 0.97 for the phosphateloaded animals.
Our data from micropuncture experiments in both phosphate-loaded rats and in animals with endogenous phosphate levels indicate that phosphate excretion by the rat kidney can be accounted for by glomerular filtration and tubular reabsorp- tion. In both groups most of this reabsorptive process takes place in the proximal convolution. A quantitative estimate of the fraction of filtered phosphate reabsorbed proximally may be obtained from an evaluation of the reduction in the volume of the glomerular filtrate and the transtubular filtrate and the transtubular phosphate concentration gradient. With an average end-proximial inulin TF/P ratio of 3 (29, 30) and an average TF/P phosphate of 0.73 in the control animals as a basis, we can calculate that 76% of the filtered phosphate is reabsorbed by the end of the proximal convolution. As previously noted, these calculations have been corrected for that portion of rat plasma phosphate which is nonfilterable. Carone has found TF/P phosphate concentration ratios in the proximal and distal tubule of the rat which are similar to those presented in this study (34) .
The relatively small intraluminal/peritubular phosphate concentration ratio (0.73) is similar in magnitude to the corresponding ratios for sodium during mannitol infusions, and for potassium and calcium (35) (36) (37) . A comparison of inulin with phosphate TF/P ratios between the end of the proximal convolution and the final urine suggests that, in general, little additional reabsorption of this ion takes place either in the distal tubule or in the collecting duct. The thesis that phosphate reabsorption in the rat kidney takes place largely in the proximal convolution is in accord with stop-flow studies (12, 13) . It is further supported by the demonstrated inhibition of phosphate reabsorption by substances known to be reabsorbed or secreted proximally (7, 14, 15) and the localization of isotope within the kidney after the administration of P32 as the orthophosphate (16 6 This estimate of intracellular inorganic phosphate was calculated on the basis of the following assumptions: 1) a total inorganic phosphate concentration in rat kidney cortex of no less than 3 mmoles per kg wet weight (39) , 2) an extracellular fluid volume of 0.24 ml per g (40), 3) a dry weight of rat kidney comprising 23% of total wet weight (41), and 4) an interstitial inorganic phosphate concentration closely approximating that in an ultrafiltrate of plasma. segment for phosphate as the phosphate load is enhanced. We can estimate that in this group, assuming an end proximal inulin concentration ratio of 2.39 and a corresponding phosphate ratio of 1.80, only some 22% of phosphate filtered is reabsorbed by the end of the proximal convolution. A similar estimate of phosphate reabsorption in animals with endogenous phosphate levels indicates that the absolute amount of phosphate ion proximally reabsorbed is comparable.7 This indicates that the reabsorptive capacity of this tubular segment is limited, and does not increase during phosphate loading.
Summary
Micropuncture studies performed on normal and phosphate-loaded rats indicate that the renal excretion of inorganic phosphate can be accounted for by processes of glomerular filtration and tubular reabsorption. No evidence for net tubular secretion of phosphate was obtained. In both groups of animals tubular reabsorption of phosphate takes place largely in the proximal convolution. The reabsorptive capacity of the proximal convolution for inorganic phosphate seems to be rate-limited and probably involves an active transport process. 7 The glomerular filtration rate (GFR) averaged 4.8 ml per minute per kg for both control and phosphateloaded rats. The amount of phosphate reabsorbed by the first two-thirds of proximal convolution of control rats can be estimated as follows: 1) Phosphate filtered= mean plasma phosphate concentration X per cent filtered X GFR = 2.92 mmoles per L X 0.96 X 0.0048 L per minute per kg = 0.0135 mmole per minute per kg; 2) assuming a TF/P inulin ratio of 3.0 in the late proximal convolution, phosphate reaching this nephron segment = GFR/ 3 x mean plasma phosphate concentration X TF/P phosphate = 0.0048 L per minute per kg/3 X 2.92 mmoles per L X 0.73 = 0.0034 mmole per kg per minute; 3) inorganic phosphate reabsorbed by the first two-thirds of the proximal convolution must equal 0.0135 mmole per minute per kg -0.0034 mmole per minute per kg= 0.0101 mmole per minute per kg.
A similar calculation for the phosphate-loaded animals, employing a mean plasma phosphate concentration of 10.87 mmoles per L, a late proximal inulin TF/P ratio of 2.4, and a late proximal phosphate TF/P ratio of 1.80 (average of all ratios beyond 50% proximal), indicates that 0.0114 mmole per minute per kg of phosphate is reabsorbed by the first two-thirds of the proximal convolution.
